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INTRODUCTION 

The hydrogen donating p roper t i es  o f  so lvents  used i n  d i r e c t  coal l i q u e f a c t i o n  
processes are o f  key importance i n  determin ing conversion e f f i c i e n c i e s  and o v e r a l l  
product q u a l i t i e s .  The reduct ion o f  f luorenone t o  f l uo rene  a t  400°C has recen t l y  
been used i n  t h i s  l abo ra to ry  t o  study the hydrogen donat ing p roper t i es  o f  rocess 
so lvents  from d i f f e r e n t  d i r e c t  l i q u e f a c t i o n  technologies. Choi and Stock !1,2] have 
e luc idated the mechanism o f  the reduct ion o f  f luorenone by hydrogen donat ing com- 
pounds and have demonstrated the  u t i l i t y  o f  t h i s  reduc t i on  f o r  eva lua t i ng  the  hydro- 
gen atom t r a n s f e r  p roper t i es  o f  coal and coal macerals. 

The reduct ion reac t i on  f o r  f luorenone occurs i n  th ree  stages E l ] .  Stage 1 i s  a 
rad i ca l  process which produces 9-hydroxyfluorene as the  in termediate product. I n  
stage 2, t h i s  in termediate i s  transformed i n t o  b i s ( 9 - f l u o r e n y l )  e the r  by a non- 
rad i ca l  process. The e the r  decomposes i n  stage 3 t o  produce f luorene and f luorenone 
v i a  a rad i ca l  process. I n  the  study by Choi and Stock, i t  was shown t h a t  rad i ca l  
i n i t i a t o r s ,  such as benzyl phenyl t h i o e t h e r  or  coal ,  accelerate the react ions o f  
stages 1 and 3. The mechanisms o f  stages 1 and 3 are formulated i n  Scheme I. I n  
the  absence o f  i n i t i a t o r ,  a b imolecular  molecule-assisted homolysis reac t i on  [3-51 
between f luorenone and donor i n i t i a t e s  the reduc t i on  reac t i on :  

Reductions conducted i n  the  absence o f  added i n i t i a t o r s  measure t h e  a b i l i t y  o f  
t he  solvent t o  both i n i t i a t e  the  reduc t i on  and t r a n s f e r  hydrogen t o  rad i ca l s ,  
whereas reduct ions c a r r i e d  out i n  the presence o f  i n i t i a t o r s  serve t o  measure the 
hydrogen donor a b i l i t y  o f  the so lvent .  Thus, t h e  f luorenone reduct ion reac t i on  pro- 
vides a simple procedure t o  assess the  r e l a t i v e  a b i l i t i e s  o f  process so lvents  and 
solvent components t o  p a r t i c i p a t e  i n  these r a d i c a l  i n i t i a t i n g  and hydrogen t r a n s f e r  
react ions which are important t o  coal l i q u e f a c t i o n .  

EXPERIMENTAL 

SAMPLES 

Fluorenone was prepared by a i r  ox ida t i on  [ S I  o f  f l uo rene  ( A l d r i c h  Chemical) and 
was r e c r y s t a l l i z e d  from methanol t o  y i e l d  ma te r ia l  >99% pure as determined by 
c a p i l l a r y  column gas chromatography (GC). 
l i que fac t i on  technologies were used i n  these experiments: 
Coal (SRC)-I process so lvent ;  and (2)  a recyc le  pas t i ng  so lvent  from t h e  
Wi l sonv i l l e ,  AL i n teg ra ted  two-stage l i q u e f a c t i o n  (ITSL) process. The phys ica l  and 
chemical p roper t i es  o f  these ma te r ia l s  are discussed i n  d e t a i l  elsewhere [7,8]. 
B r i e f l y ,  the SRC- I  so lvent  had a b o i l i n g  range o f  480-850OF and the  ITSL past ing 
so lvent  was a 650°F+/sol id res ids  ma te r ia l .  These l i q u e f a c t i o n  ma te r ia l s  are from 

Process so lvents  from two d i r e c t  coal 
(1) a Solvent  Refined 
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developmental processes and should not  necessa r i l y  be considered representat ive o f  
f u t u r e  commercial coal l i q u e f a c t i o n  products. 

The crude so lvents  were each tes ted  i n d i v i d u a l l y  f o r  f luorenone conversion 
e f f i c i e n c y .  
by alumina adsorpt ion chromatography. D e t a i l s  o f  t h i s  procedure have been pre- 
v ious l y  repor ted [ S I .  
i n t o  four  chemical c lasses:  (1) a l i p h a t i c  hydrocarbons, (2)  neu t ra l  p o l y c y c l i c  
aromatic hydrocarbons (PAH), (3)  n i t rogen-con ta in ing  p o l y c y c l i c  aromatic compounds 
(N-PAC) and (4)  hydroxy lated PAH (Hydroxy-PAH). 

I n  a d d i t i o n ,  chemical c lass  f r a c t i o n s  o f  these ma te r ia l s  were obtained 

B r i e f l y ,  t he  crude coal l i q u e f a c t i o n  ma te r ia l s  were separated 

Fluorenone Reduction Reactions 

Fluorenone reduct ions were conducted a t  4OOOC f o r  1 h r  i n  sealed evacuated 
quar tz  tubes. Genera l ly ,  benzene so lu t i ons  o f  reactants  were prepared and a l i q u o t s  
were t rans fe r red  by m i c r o l i t e r  syringes t o  6 mn 0.d. quar tz  tubes ( 1  mn wa l l  t h i c k -  
ness), so as t o  p rov ide  50 uL t o t a l  volume con ta in ing  approximately 5 mg donor and 
0.025 m o l  f luorenone. Reactions w i t h  the  ITSL crude process so lvent  necess i ta ted 
weighing the ma te r ia l  d i r e c t l y  i n t o  the tubes due t o  i t s  i n s o l u b i l i t y  i n  benzene. 
Loaded reac t i on  tubes were freeze-thaw degassed on a vacuum l i n e  p r i o r  t o  flame 
sea l i ng  and the rmos ta t i ng  i n  a Tecam SB-4 f l u i d i z e d  sandbath w i t h  TC4D temperature 
con t ro l  1 er .  

Q u a n t i t a t i v e  Analyses 

c a p i l l a r y  column GC. A Hewlett-Packard (HP) model 5880A gas chromatograph equipped 
w i t h  a 30 m x 0.25 mn i.d. fused s i l i c a  DB-5 (JAW S c i e n t i f i c )  c a p i l l a r y  column was 
used. The s p l i t l e s s  i n j e c t i o n  technique was used f o r  sample i n t r o d u c t i o n  i n  
conjunct ion w i t h  an HP7671A auto sampling device. Each sample was analyzed i n  
t r i p l i c a t e  us ing a f lame i o n i z a t i o n  de tec to r  w i t h  peak response in fo rma t ion  s tored 
and manipulated by the HP5880 microprocessor-contro l led i n t e g r a t o r .  
thracene was added t o  a l l  r eac t i on  products at  a concentrat ion o f  100 ng/uL and was 
used as i n t e r n a l  s tandard f o r  a l l  GC q u a n t i t a t i v e  analyses. Ca lcu la t i ons  f o r  the 
conversion o f  f luorenone t o  f l uo rene  were done on a mole bas is  w i t h  the conversion 
amounts repor ted f o r  f l uo rene  as a percentage o f  t h e  i n i t i a l  f luorenone present i n  
t h e  reaction. This  va lue was then adjusted t o  r e f l e c t  a weight-normalized conver- 
s i o n  based on a 5 mg q u a n t i t y  o f  coal l i q u i d  used i n  the f luorenone reduct ion 
reaction. Rep l i ca te  analyses were performed w i t h  t h e  mean and standard dev ia t i on  
reported i n  Table 1. Recovery percentages were a l so  ca l cu la ted  and reported. 

Q u a n t i t a t i v e  analyses o f  the f luorenone reac t i on  products were performed by 

2-Chloroan- 

RESULTS AND D I S C U S S I O N  

The conversion y i e l d s  f o r  the reduct ion o f  f luorenone t o  f luorene by the crude 
process so lvents  and t h e i r  chemical c lass  f r a c t i o n s  are presented i n  Table 1. 
comparison, 9,lO-dihydroanthracene was run and was observed t o  produce a 21*2% 
conversion o f  f luorenone; t h i s  i s  i n  c lose agreement w i t h  the r e s u l t s  o f  Choi and 
Stock fo r  t he  same compound [1,2]. Recoveries o f  f luorenone p lus f luorene were 
greater  than 90% f o r  t h e  un f rac t i ona ted  process so lvents  i n d i c a t i n g  t h a t  l i t t l e  
adduction o f  i n te rmed ia te  fluorene-based r a d i c a l s  w i t h  so lvent  cons t i t uen ts  had 
occurred. The a l i p h a t i c  hydrocarbon and n e u t r a l  PAH f r a c t i o n s  showed recover ies 
s i m i l a r  t o  the  crudes; g rea te r  than 85%. 
lower recover ies (70-802). which suggests t h a t  adduction o f  f luorenone reduct ion 
in termediates w i t h  N-PAC (A3) and hydroxy-PAH (A4) components occurred under these 
reac t i on  condi t ions.  
t i o n s  l i k e l y  d i v e r t  the reduct ion reac t i on  producing f l uo reny l  adducts t o  the  

For 

Rut, the more po la r  cons t i t uen ts  exh ib i t ed  

I o n i c  react ions o f  the 9-hydroxfluorene w i t h  these po la r  f rac -  
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ac t i va ted  aromatic r i ngs .  
phenone i n  the presence of phenol l ead  t o  diphenylmethylphenols and o the r  s ide  
products. 

(88%) from the  new generation two-stage l i q u e f a c t i o n  technology. 
composit ion o f  the process so lvents  i nves t i ga ted  i n  these experiments have been 
character ized and compared p rev ious l y  [7]. 
t h e i r  r e l a t i v e  chemical c lass  compositions. The ITSL mate r ia l  contained a wide 
range of h igh b o i l i n g ,  h igh molecular weight cons t i t uen ts  wh i l e  the S R C - I  process 
so lvent  had in termediate b o i l i n g  p o i n t  and molecular weight ranges. 
recyc le  pas t i ng  so lvent  contained the  h ighest  l e v e l s  o f  a l i p h a t i c  hydrocarbons and 
had the lowest combined l e v e l s  o f  n i t rogen  and oxygen heteroatomic PAH. Fu r the r -  
more, from d e t a i l e d  chemical analyses by GC and GCMS [7,8], hydroaromatic compounds 
such as dihydropyrene, which are known t o  be exce l l en t  hydrogen-donating compounds, 
were major cons t i t uen ts  o f  t he  ITSL process so lvents .  

I f  the  r e l a t i v e  conversion y i e l d s  f o r  t he  d i f f e r e n t  chemical classes are com- 
pared f o r  a given coal l i q u e f a c t i o n  so lvent  (see Table l ) ,  t he  chemical c lass  pro- 
ducing the  lowest conversion was the  a l i p h a t i c  hydrocarbon f r a c t i o n  (A1), fo l lowed 
by the neu t ra l  PAH i s o l a t e  (A ). The N-PAC (A3) and hydroxy-PAH (A4) classes pro- 
vided the  h ighest  y i e l d s  f o r  $he conversion o f  f luorenone t o  f luorene. Hence, i t  i s  
apparent t h a t  the p o l a r  cons t i t uen t  o f  coal l i q u e f a c t i o n  process so lvents  p a r t i c i -  
pate we l l  i n  both the rad i ca l  i n i t i a t i n g  and hydrogen donat ing steps shown i n  
Scheme I .  This observat ion i s  cons is tent  w i t h  model s tud ies which showed t h a t  
1,2,3,4-tetrahydroquinoline produced h igher  conversions t o  f luorene than t e t r a l i n  o r  
9.10-dihydroanthracene C1.23. Thus, the reduced l e v e l s  o f  N-PAC i n  t h e  SRC I versus 
the  ITSL process so lvent  i s  one poss ib le  reasons f o r  t he  r e l a t i v e l y  lower conversion 
y i e l d s  observed f o r  t he  SRC I mate r ia l .  

(A2) o f  these two process so lvents  was observed. It was the re fo re  o f  i n t e r e s t  t o  
compare the  chemical/physical p roper t i es  o f  these i so la tes .  The neu t ra l  PAH i so -  
l a t e s  o f  the SRC-I process ma te r ia l  d isp layed only  a 7% conversion y i e l d ,  Th is  
i s o l a t e  was most ly  2- t o  5 - r i ng  parent PAH w i t h  r e l a t i v e l y  low l e v e l s  o f  a l ky la ted  
and hydroaromatic PAH [9]. 
pas t i ng  so lvent  had a h igher  f luorenone conversion y ie?d.  44%, 
character ized by h igh  l e v e l s  o f  a l k y l a t e d  PAH and hydroaromatic compounds. 
molecular weight o f  t h i s  i s o l a t e  was much h ighe r  than the SRC I process so lvent  
[7]. 
was responsible f o r  t h e  s h i f t  t o  h igher  average molecular weight. 
r i n g  systems prov ide greater  resonance s t a b i l i z a t i o n  o f  r a d i c a l s  de r i ved  from PAH 
components o f  t h i s  f rac t i on .  
cause lower energies o f  a c t i v a t i o n  (E ) f o r  i n i t i a t i o n  and hydrogen t r a n s f e r  
react ions which equates w i t h  increases reac t i on  ra tes  and h ighe r  conversions. 

Choi and Stock [l] observed t h a t  reduct ions o f  benzo- 

The S R C - I  so lvent  .showed lower conversion (38%) than the ITSL process so lvent  

Table 2 provides i n fo rma t ion  regard ing 

The chemical 

The ITSL 

Considerable v a r i a b i l i t y  i n  the conversion y i e l d s  o f  t he  neu t ra l  PAH f r a c t i o n s  

The neu t ra l  PAH i s o l a t e  ( A  ) from the ITSL recyc le  
and was 

The mean 

The presence o f  s i g n i f i c a n t  l e v e l s  o f  greater  than 5 - r i n g  PAH i n  t h i s  i s o l a t e  
Larger  aromatic 

Greater  resonance s t a b i l i z a t i o n  energies o f  r a d i c a l s  

SUMMARY 

I n  summary, i t  i s  ev ident  from the data presented i n  t h i s  paper us ing t h e  
f luorenone-f luorene conversion model system t h a t  comparative assessments o f  recyc le  
so lvents  w i th  d i f f e r e n t  chemical and phys ica l  p roper t i es  are poss ib le .  The po la r  
const i tuents  o f  these process ma te r ia l s ,  the N-PAC and hydroxy-PAH, appeared t o  be 
the most e f f i c i e n t  rad i ca l  i n i t i a t o r s  and hydrogen donators. The e f fec t i veness  o f  
neu t ra l  PAH chemical f r a c t i o n s  as reductants was dependent on the amounts o f  
a l ky la ted  and hydroaromatic compounds present, as we l l  as the  s i ze  d i s t r i b u t i o n  o f  
aromatic r i n g  systems which make up the f r a c t i o n .  The ITSL neu t ra l  PAH f r a c t i o n  
show& a b e t t e r  conversion e f f i c i e n c y  than t h e  analogous SRC- I  f r ac t i on .  The addi- 
t i o n  of a rad i ca l  i n i t i a t i n g  agent, such as coal, i s  expected t o  a l t e r  t h e  net  
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fluorenone conversion e f f i c i e n c i e s  o f  these crude so lvents  and so lvent  f rac t i ons ,  
presumably t o  r e f l e c t  r e l a t i v e  hydrogen donat ing a b i l i t i e s .  
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+DH, -, 
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Stage 3: 

Scheme I .  Radical Mechanism for t h e  Reduction o f  Fluorenone by Hydrogen Donors 
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TABLE 1. Conversion of Fluorenone t o  Fluorene by Two Coal L iqu ids  and 
The i r  Chemical F rac t i ons  

Sample F rac t i on (a )  % Conversion(b) % Recovery(c) 

SRC-I Process Solvent :  Crude 

A 1  
A2 

A3 
A4 

A 1  

A2 
A3 

A4 
Fluorenone Only --- 

ITSL Recycle Pas t i ng  Solvent: Crude 

38 f 2 
I f 1  

7 f l  

45 f 4 

43* 
88 f 1 

9 f 3  

44 f 11 
65* 

57 f 1 
0 

91 

89 

95 

18 
81* 

97 

86 

91 

82* 
78 

85 

(a) Key: A = a l i p h a t i c  hydrocarbons; A2 = neu t ra l  PAH; A3 = N-PAC; and 

(b)  

( c )  

* Single po in t  determinat ion.  

A4 = hyhoxy-PAH. 
% conversion i s  q u a n t i t y  o f  f luorene i n  moles versus the i n i t i a l  f luorenone 
quan t i t y  normalized t o  5 mg o f  sample. 
% recovery i s  t he  sum of both f luorene and f luorenone as compared w i t h  the 
i n i t i a l  f luorenone quan t i t y .  

TABLE 2. Comparative Chemical Class Composition o f  Process Solvents 
from Two D i f f e r e n t  D i r e c t  Coal L ique fac t i on  Technologies 

A1 i p h a t i c  Neutra l  PAH/ 
Hydrocarbons Hydroaromatic N-PAC Hydroxy-PAH 

SRC-I  Process Solvent 13.9 47.5 13.5 25.1 

ITSL Recycle Pas t i ng  Solvent  25.9 4 1  .O 21.1 12.0 
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